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Exercise Testing and Training: Clinical Applications
VICTOR F. FROELICHER, MD, FACC
San Diego. California
The application of exercise in clinical cardiology contin-
ues to progress because of research findings. Advances
have occurred in the applications, methodology and
interpretation of exercise testing. Exercise training has
been documented to have a place in the primary pre-
vention of coronary heart disease. In regard to cardiac
rehabilitation, both early ambulation and early dis-
This review presents a state-of-the-art overview of the clin-
ical applications of exercise. The interested reader will find
a more complete bibliography in a previous work (I); only
recent references will be cited here.
Standard Exercise Testing
Methodology
The methodology of exercise testing has become relatively
standardized 0) owing to technologic advances, published
papers including reports on methodology, standards pre-
sented by professional groups and increased efforts in post-
graduate medical education. Controversy in this area mainly
relates to computer analysis of the exercise electrocardi-
ogram, measuring aerobic capacity and treadmill exercise
protocols. Regarding the first of these, Simoons et al. (2)
have stressed the need for consumer protection. Comput-
erized systems are commercially available, but little has
been done to evaluate their performance and few physicians
recognize their shortcomings.
Measuring aerobic work capacity. There are two rea-
sons for measuring maximal oxygen consumption: 1) to
assess the total aerobic work capacity of the body, and 2)
to estimate the maximal performance of the heart as a pump.
Analysis of maximal oxygen consumption requires the col-
lection of expired air and the use of gas analyzers to measure
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charge are safe and beneficial in patients with uncom-
plicated infarction, and a subsequent exercise program
is at least as effective as other interventions. High in-
tensity exercise training in the patient with heart disease
may be necessary to cause changes in myocardial per-
fusion and performance, but it carries an increased risk.
flow and the difference between inspiratory and expiratory
oxygen content. A problem with this technique has been
the difficulty in accurately measuring flow, which is still
best done by collecting expired air in a bag over a time
interval and then measuring the gas volume. Flowmeters
are notoriously inaccurate because they are greatly affected
by the phasic nature of respiration, moisture and changes
in flow rate.
Several approaches have been recommended to estimate
total body oxygen consumption. Bruce et al. (3) used the
relation between total treadmill time (in a standard, pro-
gressive protocol) and oxygen consumption. The longer the
exercise time, the greater the work load achieved and the
greater the amount of oxygen consumed. They included the
relation of oxygen consumption to age, sex and activity
status to estimate functional aerobic impairment in order to
derive percent expected aerobic capacity. However. the re-
lation between treadmill exercise time and oxygen con-
sumption in normal subjects is poor (r values of 0.8 or less);
therefore the estimation of maximal oxygen consumption
from treadmill time for a given patient is rather tenuous.
Also, the relation between maximal oxygen consumption
and age is weaker, even when sex and activity status are
considered. Thus, the concept of functional aerobic im-
pairment is a very gross estimate at best. Further compli-
cations are the differences created by whether a subject does
or does not hold on to the handrails (4), runs or walks on
the treadmill (5) or has little or a lot of treadmill experience
(1). The oxygen cost of a work load is decreased by holding
on to the handrail. and running consumes more oxygen than
does walking at the same speed. In addition, total treadmill
time increases with serial treadmill testing although the mea-
sured maximal oxygen consumption stays the same.
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Another approach is to keep treadmill time as close to
10 minutes as possible to minimize the effects of endurance
and to isolate aerobic capacity (1) . In this approach, only
the treadmill work load achieved needs to be considered .
Becau se the mechanical efficiency of the body is roughly
constant , the cost of performing any work load has been
established . Therefore, the highest work load achieved can
be used to estimate maximal oxygen consumption . How-
ever, patients with heart disease often have a lower measured
oxygen consumption than that predicted for a given work
load . Anaerobic metaboli sm is greater at a given work load
in such patients and buffering lactate with bicarbonate re-
sults in a higher respiratory quotient (6). Because of this
phenomenon, the question of when steady state is achieved
is critical in testing such patients. The time in a given work
load affects the difference between predicted and measured
values. For instance , at higher work loads , particularly those
beyond the anaerobic threshold, it takes longer to narrow
the difference between predicted and measured oxygen con-
sumption. In athletes , the rate of lactate turnover in skeletal
muscle better correlates with distance-running performance
than does maximal oxygen consumption (7). Perhaps dif-
ferences in skeletal muscle metabolism partially explain this
dissociation between predicted and measured oxygen con-
sumption in patients with heart disease .
Treadmill exercise protocols. There is no "best"
treadmil1 exercise protocol; in fact , it is best to adjust the
test protocol to the individual being tested. Some people
cannot walk faster than 2 mph and for these persons only
the grade should be increased progressively . Trained per-
sons require increases in speed rather than grade, particu-
larly once a grade of 20% is reached , becau se of the awk-
wardness of trying to perform at steeper inclines. Aerobic
capacity can be estimated equally well using any protocol,
and research findings from one protocol can be applied to
others . Reporting work load achieved rather than total tread-
mill exercise time certainly would facilitate this approach.
Interpretation
A recent advance in interpretation has been the consideration
of exercise responses other than ST segment depression.
First, in regard to the electrocardiogram, ST segment ele-
vation is now considered more specific but less sensitive
for coronary heart disease than is ST depres sion. ST ele-
vation is due to severe ischemia when the baseline electro-
cardiogram is normal, but in the presence of Q waves it
most likely relates to the severity of the underlying wall
motion abnormality. In regard to other variables, work ca-
pacity has been demonstrated to be a powerful prognostic
indicator. An aerobic work capacity of less than 5 METS
usually predicts severe coronary heart disease and a poor
prognosis . As a general consideration , interpretation of test
results is now recognized in terms of probability rather than
absolute values. Exerci se testing has led the way for the
appreciation of Bayesian statistic s and the predictive model
in medicine; this has been wel1 reflected in many reports.
Other areas of interpretation will be discussed furthe r.
Variable threshold for exercise-induced ischemia. it
has been taught that exerci se-induced ischemia occurs at the
same rate-pres sure product (heart rate times systolic blood
pressure), unless an intervention has been effective or the
coronary artery obstructions have worsened. However,
changes in this threshold have been suggested to be due to
coronary artery spasm. The effect of hyperventilation-
induced alkalemia on angina was evaluated by Neill et a1.
(8) in nine subjects with consi stent exerci se-induced chest
pain and ST segment depression. In five SUbjects who had
arterial alkalemia while hyperventilating during exercise,
the rate-pressure product during angina was 22 x 103 com-
pared with 24 x 103 when they were breathing normally
during exerci se. The other four subjects appeared to hy-
perventilate, but were not alkalemic and their rate-pressure
product was not significantly different during repeat testing
to angina. Thus, the threshold for angina during exercise
was lowered in five patients in whom hyperventilation caused
alkalemia. Was this effect due to coronary artery spasm or
to changes in oxygen release from hemoglobin?
Causes of false positive ST segment depression. Some
conditions can result in a greater prevalence of ST segment
depression in the absence of coronary heart disease . These
include left ventricular hypertrophy, mitral valve prolapse,
congenital heart disea se and valvular heart disease. To de-
termine whether a false positive response could be explained
by undetected left ventricular hypertrophy, Wroblewski et
al. (9) evaluated 31 patients without electrocardiographic
but with echocardiographic evidence of left ventricular hy-
pertrophy who underwent exercise testing and coronary an-
giography. Echocardiographic left ventricular hypertrophy
increased the likelihood that a patient with an abnormal
exercise test did not have coronary heart disease .
Two recent studies have confirmed the poor specificity
of the exercise electrocardiogram in women. Bengtsson et
al. (10) followed up 194 WOmen who performed maximal
bicycle testing in 1968. Thirty women had abnormal ST
segment depression with a prevalence similar to that of men.
All of these women were still alive 6 years later; none had
had a myocardial infarction and only two had angina . Val
et al. (1]) evaluated 112 women without myocardial in-
farction who underwent coronary angiography. The sensi-
tivity of 0.1 mV of ST segment displacement was 80% with
a specificity of 66%. Table I lists two studies (10.11) plus
10 previous studies summarized and referenced by Val et
al. (11). There is no generally accepted explanation for the
decreased specificity of ST depre ssion in women .
A recent study (12) suggests that the presence of septal
Q waves makes an exercise-induced ST segment depression
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'The last two are follow-up studies: the rest used angiographic end points.
tReferences to studies cited in Val et al. (11).
Table 1. Studies Evaluating the Sensitivity and Specificity of
Exercise Testing in Women *
more likely to be a false positive response. This has been
explained by the concept of septal fibrosis and it may well
prove helpful in improving specificity.
R wave response. Although it appeared that animal studies
(13) and radionuclide studies (14) negated the relation be-
tween changes in R wave amplitude during exercise and
ventricular volume and function, the diagnostic value of
exercise-induced R wave changes continues to be debated .
Two recent reviews (15 ,16) summarize this problem. The
R wave changes are related to heart rate and cannot be used
to diagnose coronary artery disease or left ventricular dys-
function (I) .
Inverted U waves. A negative or inverted U wave at
rest is highly specific for the presence of heart disease and
rarely occurs without other electrocardiographic abnormal-
ities. The most common conditions associated with an in-
verted U wave are hypertension. regurgitant valvular disease
and ischemic heart disease . When induced by exercise, it
is highly predictive of severe occlusion of the left anterior
descending coronary artery. The U wave vector seems to
be directed away from an area of dyssynergy. The change
from a negative to an upright U wave after coronary artery
bypass surgery is associated with a decrease in the QRS
amplitude but with no consistent change in T wave polarity
(17).
Exercise-induced decrease in systolic blood pressure.
An exercise-induced decrease in systolic blood pressure is
related to a greater prevalence of adverse events during
testing. The importance of carefully monitoring blood pres-
sure during exercise. particularly when signs of ischemia
occur. is now well accepted. Sarma and Sanmarco (18)
retested 40 patients who had manifested hypotension during
a maximal exercise test I year earlier. Seventeen patients
had undergone coronary artery bypass surgery; the remain-
ing 23 had only received medical management. At follow-
Principal
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78
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up study, the surgically treated patients had an increase in
exercise duration, maximal heart rate, maximal systolic blood
pressure and maximal rate-pressure product; none of these
measurements changed in the medically managed group .
Weiner et al. (19) reported on the reproducibility and
prognostic significance of an exercise-induced decrease in
systolic blood pressure . This decrease was found in 47 pa-
tients (II %) in a consecutive series of 436 patients who
underwent treadmill exercise testing and cardiac catheter-
ization. The finding was observed twice as often in patients
with three vessel or left main coronary artery disease as in
the remaining patients. Patients with this finding were more
likely to be female, have typical angina with limited func-
tional capacity and to have had a myocardial infarction than
were patients without this finding. Although there were no
complications in these patients, the majority had severe
ischemic responses and complex repetitive ventricular ar-
rhythmias . Of the 47 patients, 24 received medical treatment
and 23 underwent coronary artery bypass surgery. On repeat
testing. 85% of those medically managed had a decrease in
systolic blood pressure, but all of those treated surgically
had a normal response . At a mean follow-up time of 3 years ,
the total cardiac mortality was 8% in the medically managed
group and 4% in the surgical group .
Computerized probability analysis. Hlatky et al. (20)
attempted to validate two available methods of probability
calculation by comparing their diagnostic accuracy with that
of cardiologists . Ninety-one cardiologists evaluated the clin-
ical summaries of eight randomly selected patients. For each
patient, the cardiologist assessed the probability of coronary
heart disease after reviewing the clinical history. physical
examination and laboratory data, including an exercise test.
The probability of coronary disease was also obtained for
each patient using identical information from I) a published
table of data based on age, sex, symptoms and degree of
ST segment change during exercise: and 2) a computer
program using the age. sex , risk factors. rest electrocardi-
ogram and multiple exercise measurements . With the cor-
onary angiogram as the standard, average diagnostic ac-
curacy was best for the computer program. One wonders
how helpful the computer program would be for non-
cardiologists and what the findings would have been if more
than just eight patients had been included.
Clinical Applications
Exercise testing has many applications including screening
for coronary heart disease , evaluating functional capacity.
deriving exercise prescriptions, evaluating therapeutic in-
terventions and promoting cardiac rehabilitation. I will dis-
cuss here only four applications in which there have been
recent advances .
Diagnosis of chest pain or other cardiac abnormali-
ties. To determine why exercise testing is a controversial
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diagnostic procedure, Philbrick et al. (21) reviewed 33 stud-
ies with data on 7,500 patients who had undergone both
exercise testing and coronary angiography. They examined
how these studies met the seven methodologic standards for
characterizing the diagnostic value of a test. These standards
are: I) adequate iderttification of the study groups; 2) ade-
quate analysis of anatomic lesions; 3) considerations of chest
pain syndromes; 4) inclusion of patients who might have
false negative or false positive results ; 5) avoidance of bias
in clinical and laboratory evaluation; 6) blinding of the in-
terpreters of the angiograms to the exercise test results ; and
7) blinding of the interpreters of the exercise test to the
angiographic results. Only one study met as many as five
standards; eight met as many as four; all studies failed to
meet two or more standards. Thus, determination of the true
diagnostic value of exercise testing requires methodologic
improvements in patient selection, data collection and data
analysis.
Determination of prognosis and disease sever-
ity. Once the diagnosis of coronary heart disease is made.
the exercise test still is important to demonstrate the severity
of disease and to establish prognosis . There are two im-
portant considerations in evaluating the severity of coronary
heart disease: I) the amount of myocardium in jeopardy due
to ischemia, and 2) the amount of normal myocardium re-
maining or the mechanical reserve of the heart.
Signs of ischemia that can be elicited by the exercise test
to determine the amount of ischemic myocardium include
angina, ST segment depression, ST segment elevation when
it occurs without Q waves and decrease in systolic blood
pressure (probably only when accompanied by any of the
preceding). When patients have angina or other manifes-
tations of ischemia as an end point during exercise testing,
it is nearly impossible to use the exercise test to quantitate
the mechanical reserve of the heart . Severe coronary ob-
structions can be present with an entirely intact. normal
ventricle. The rate-pressure product (heart rate times systolic
blood pressure) is a good way of estimating the relative
amount of myocardial blood flow at the time of ischemia.
However, patients with heart disease often have a lower
than normal maximal heart rate, due not to ischemia but to
a limitation intrinsic to the heart itself. This has been called
chronotropic incompetence and heart rate impairment.
Evaluating the mechanical reserve or the amount offunc-
tional heart muscle is still difficult even in patients without
ischemia during exercise testing, that is, those with respi-
ratory impairment or fatigue as an exercise end point. It has
been assumed that cardiac function can be estimated by
measuring or estimating total body oxygen consumption.
However, we have not found a relation between measured
or predicted maximal oxygen consumption and rest or ex-
ercise ejection fraction (22). Predicted oxygen consumption,
treadmill exercise time, functional aerobic impairment,
treadmill work load or even maximal measured oxygen con-
sumption cannot predict intrin sic myocardial function or
mechanical reserve. An important question is what is more
important in predicting prognosis in coronary heart disease:
rest ejection fraction or total body functional capacity? Both
appear to be independent prognostic determinants. but at
present it appears that total body work capacity is more
important.
Weiner (23) demonstrated that the exercise test can pre-
dict patients who might benefit in regard to longevity from
bypass surgery . In a population of 436 consecutive patients
referred for evaluation, additional test variables were con-
sidered. A "markedly positive" pattern of 0.2 mV down-
sloping ST depression beginning in stage I, lasting at least
6 minutes into recovery and occurring in at least five leads
had a 74% predictive value and a 49% sensitivity for the
detection of either left main or three vessel coronary artery
disease.
Dagenais et al. (24) analyzed the factors influencing the
5 year survival rate in 220 patients with at least 0.2 mV of
horizontal or downsloping ST segment depression during
exercise testing. They confirmed previous observations that
survival was inversely proportional to the duration of ex-
ercise: all patients who achieved stage IV of the Bruce
protocol (3) survived, whereas the survival rates for patients
who terminated exercise during stages III, II and I were 86,
73 and 52%, respectively.
Blumenthal et al. (25) validated the ability of a strongly
positive exercise test to predict left main coronary disease
even in patients with minimal or no angina. The criteria for
a markedly positive test included: 1) early ST segment
depression, 2) 0.2 mV or more of depression. 3) down-
sloping ST depression, 4) exercise-induced hypotension. 5)
prolonged ST changes after the test. and 6) multiple areas
of ST depression. Table 2 summarizes nine studies that
evaluated the predictive accuracy of an exercise test for
identifying patients with left main coronary disease as cited
and discussed by Blumenthal et al. (25).
Evaluation of chronic congestive heart failure. Engler
et at. (26) demonstrated that left ventricular function at rest
is not related to the symptoms of chronic congestive heart
failure or to exercise capacity. In 33 patients, maximal ex-
ercise performance correlated with symptoms but not with
indexes of left ventricular function .
Weber et al. (27) studied respiratory gas exchange in
patients with chronic cardiac failure. In 62 patients with
stable heart failure, respiratory gases were measured during
progressive treadmill exercise; in 40 patients with heart fail-
ure of varying severity, cardiac output and lactate production
were measured directly . Exercise capacity and maximal ox-
ygen uptake decreased (from 23 to 8 cc oxygen/kg per min)
as the severity of heart failure increased from class A to D.
Wedge pressures were elevated in patients in both class C
and class D, but the most significant difference between the
two groups was the limited cardiac output in the latter.
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Table 2. Studies Evaluating the Predictive Value and Sensitivity of the Exercise Test to Identify Patients With Left Main Coronary
Artery Disease
Patients With Left Main Predictive
Principal Coronary Artery Disease Yalue Sensitivity
Investigator* (year) (total number of patients) Criteria (%) (0/[ )
Cheitlin (1975) II (106) 0.2 mY depression 24 100
Goldschlager (1976) 15 (410) 0.1 mY downsloping 8 67
McNeer (1978) 108 (1472) 0.1 mY in stage I or II 23 47
Nixon (1979) 26 (115) Angina or 0.1 mY depression; 19 96
at low work load 26 54
Levites, Anderson (1978) II (75) 0.2 mY depression; 50 82
abnormal in stage I 24 63
Morris (1978) 18 (460) Exertional hypotension 14 17
Weiner (1981) 35 (436) "Markedly positive"; 32 74
exertional hypotension 23 23
Blumenthal (1981) 14 (40) 0.2 mY depression; 38 100
anterior & inferior depression; 57 93
exertional hypotension 75 21
Sanmarco (1980) 29 (378) 0.3 mY only; IS 24
exertional hypotension; 15 28
both 27 35
Predictive value = % of those with abnormal response as defined by criteria that have left main coronary artery disease: sensitivity = Iff of those with left main coronary
artery disease that have an abnormal response as defined by the investigators.
'Reference to studies cited in Blumenthal et al. (25).
During progressive maximal upright exercise, the response
of cardiac output rather than the high pulmonary venous
pressure appeared to be responsiblefor the limitingsymptoms.
Evaluation of variant angina. Waters et al. (28) stud-
ied 82 patients with variant angina who underwent exercise
testing. The test induced ST segment elevation in 30%, ST
depression in 26% and no abnormality in 44%. The ST
elevation during exercise occurred in the same electrocar-
diographic leads as during spontaneous attacks at rest and
was also associated with a large thallium perfusion defect
on cardiac imaging. During a mean follow-up period of 20
months, death or myocardial infarction occurred in 3 of the
25 patients with ST elevation, none of 21 with ST depression
and 2 of the 36 with no ST abnormality. De Servi et al.
(29) performed a similar study in 114 patients with variant
angina. The exercise test induced ST elevation in 35%, ST
segment depression in 32% and no abnormality in 30%.
Half of those with a normal exercise test had no significant
angiographic coronary artery disease; the majority of the
others had significant disease. Therefore, in patients with
variant angina the results of an exercise test correlate well
with disease activity but poorly with coronary anatomic
abnormality or risk.
Response to an Exercise Program
Long-term exercise or an exercise program is also called
"training" or "physical conditioning." These terms mean
that a person maintains a regular habit of exercise at levels
greater than those at which he or she usually performs.
Dynamic exercise, also called isotonic or aerobic exercise,
involves the rapid movement of large muscle masses that
results in the body's need to respond with increasing ven-
tilation in order to increase oxygen consumption. Such ex-
ercise is also called "aerobic" because it must be performed
without accumulating an anaerobic debt. The heart must
increase its output and performs flow work rather than pres-
sure work. This type of exercise results in the cardiovascular
changes that will be described.
The features of an aerobic exercise program that must
be considered include: the mode, duration, intensity and
frequency of exercise. In general, the mode of exercise must
involve movement of large masses of muscle. It should be
performed during at least three sessions a week and be
spaced throughout the week. Its duration should be 30 min-
utes to 1 hour. Its intensity should be 50% or greater of
maximal oxygen consumption; this can be approximated
from the heart rate and perceived exertion (30).
The results of such an aerobic exercise program can be
grouped as: 1) hemodynamic, 2) morphologic, and 3) met-
abolic. The hemodynamic benefits of an exercise program
include a decrease in heart rate at rest, a decrease in the
product of heart rate and systolic blood pressure at any
matched submaximal work load, an increase in work ca-
pacity and maximal oxygen consumption and a faster re-
covery from an exercise session. It is argued whether these
changes are due to peripheral or to central adaptations but
they are probably due to both. Peripheral adaptations are
more important in older persons and in patients with heart
or lung disease; central changes are probably more signif-
icant in younger persons.
The cardiac morphologic changes that occur with an
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exercise program are clearly age-related. These changes
occur most definitely in younger persons and may not occur
in older persons. Morphologic changes include an increase
in myocardial mass and left ventricular end-diastolic vol-
ume. Paralleling these changes are increases in coronary
artery lumen and in the myocardial capillary to fiber ratio.
Recent findings in particular areas will now be discussed.
Animal Studies
Animal studies have provided substantial evidence of the
cardiovascular benefits of regular physical activity (1,5).
Improved coronary circulation has been demonstrated in
exercise-trained animals by increased coronary artery size
and capillary density, reduced myocardial infarct size and
maintenance of coronary flow in response to hypoxia. Whether
changes in myocardial collateral perfusion occur remains
controversial, but exercise probably improves such perfu-
sion when ischemia is present. Studies utilizing various
animal models have reported improvement in cardiac func-
tion secondary to exercise training.
Diet and exercise. Kramsch et al. (31) randomly allo-
cated 27 young adult male monkeys into three groups. Two
groups were studied for 36 months and one group for 42
months. One of the groups studied for 36 months received
a vegetarian diet for the entire study; the other group re-
ceived this diet for 12 months and then was fed an isocaloric
atherogenic diet for 24 months. Both groups were limited
in activity to that permitted by a single cage and were there-
fore designated as sedentary. The third group consumed the
vegetarian diet for 18 months and were regularly exercised
on a treadmill. Thereafter, the animals were given the ath-
erogenic diet for 24 months while the exercise program was
continued. Exercise was associated with substantially re-
duced overall coronary atherosclerotic involvement. lesion
size and collagen accumulation. Exercise increased heart
size, left ventricular mass and the diameter of coronary
arteries. Also, the subsequent experimental atherosclerosis
induced by the atherogenic diet given for 2 years was sub-
stantially reduced. Exercise before exposure to the athero-
genic diet delayed the development of the manifestation of
coronary heart disease. However, two questions remain un-
answered. At what point comparable with the human life
span were these studies initiated and what percent of that
span was represented by the 3 years of observation?
Cardiac function. Tibbits et al. (32) reported marked
changes in the lipid composition of highly purified plasma
membranes isolated from the hearts of rats that exercised
daily. Sarcolemmal content of total phospholipid and phos-
phatidylserine in sedentary controls and in the trained group
was increased 23 and 50%, respectively. This observation
suggests a mechanism by which cardiac contractility may
be enhanced by exercise.
Development of collateral circulation. Whether exer-
cise enhances the development of collateral vessels or col-
lateral blood flow continues to be very controversial. Schaper
(33) studied 45 dogs exercised before and after the place-
ment of occluders on two coronary arteries. After 3 months
no differences were found in collateral conductance between
the exercised dogs and controls.
Studies in Human Subjects
Echocardiographic studies. Geenen et al. (34) studied
the influence of an exercise program on cardiac dimensions
in 79 normal children, 6 to 7 years of age. There was a
greater increase in left ventricular posterior wall thickness
in the exercise group, and left ventricular mass also signif-
icantly increased. This is one of many studies demonstrating
such findings in persons 35 years of age or younger; the
controversy concerns whether such changes can occur in
older persons or in patients with heart disease (1).
Beta-receptor blockade and training. The debate con-
tinues over whether beta-receptor blockade prevents an ex-
ercise training effect. Sable et al. (35) studied normal young
men before and after 5 weeks of aerobic training. In double-
blind fashion, eight received placebo and nine received pro-
pranolol throughout the period, while training at the same
level of intensity. Maximal exercise tests were performed
before drug treatment or training was begun, and these were
repeated 3 to 5 days after completion of the exercise program
when beta-receptor blockade was no longer present. The
subjects who received propranolol had no increase in mea-
sured maximal oxygen consumption, but the mean value in
the placebo group changed from 44 to 53 cc oxygenlkg per
min. This finding differs from our observations and those
of others (I) in patients with heart disease, possibly because
of the high blood levels maintained by Sable et al.(35).
The effect on risk factors. An exercise program is often
said to reduce risk factors. However, few properly con-
ducted trials have demonstrated this. If one considers changes
in risk factors only in persons self-selected to exercise, the
findings are biased because this group is highly motivated
to effect changes. A popular hypothesis has been that ex-
ercising in cool water might facilitate weight reduction. To
evaluate this, Sheldahl et al. (36) had seven obese women
perform moderate exercise for 90 minutes during head-out
immersion in cold water, five times a week for 8 weeks.
The women exercised on a bicycle ergometer modified for
underwater use. The significant heat debt that occurred was
presumably repaid without an increase in energy expendi-
ture. However, there was no change in body weight or in
body fat with dietary intake held constant.
Nuclear cardiology techniques. Upton et al. (37) stud-
ied left ventricular function in nine young men during 10
minutes of exercise and then during 2 hours of upright
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bicycle exercise. Ventricular ejection fraction, volumes and
cardiac output were measured by first pass radionuclide
angiography. During submaximal exercise, end-diastolic
volume increased, resulting in an increase in stroke volume.
Cardiac output was 15% greater during the short than during
the prolonged exercise session, primarily because of a larger
end-diastolic volume.
Exercise in Prevention and Management of
Coronary Heart Disease
Compliance
Compliance with exercise programs for the primary and
secondary prevention of coronary heart disease was re-
viewed by Oldridge (38). He pointed out that care must be
taken in interpreting all clinical trials, particularly exercise
trials, because of self-selection bias. One analysis of a study
showed that even those who complied with placebo admin-
istration did better than those who did not comply. Com-
pliance or adherence is defined as the extent to which a
person's behavior coincides with the medical or health ad-
vice. An exercise" dropout" may no longer be participating
at the defined minimal frequency, but may not have stopped
regular exercise.
Certain characteristics identify the potential exercise
program dropout. These include lack of spouse support,
obesity, the smoking habit, physical strength, medical prob-
lems, conflict with work schedule, being a blue collar worker,
type A personality and angina without ST segment changes.
The cost of the program and its inconvenience or inacces-
sibility also affect the dropout rate. The Ontario and 06-
teborg studies are two major exercise trials with reported
compliance data (l). The dropout rates in these trials were
26 and 45%, respectively, in the first year. A reduction in
dropout rate can be obtained if the previously mentioned
problems are anticipated.
Risk and Dangers ofExercising
As a sequel to their study of deaths during jogging in Cal-
ifornia, Thompson et al. (39) focused on Rhode Island. In
the past 6 years, 12 men died during jogging and the cause
of death in 11 was coronary heart disease. From a telephone
survey, they found that 7.4% of adult male Rhode Islanders
jogged at least twice a week. The incidence of death from
jogging was one death per year for every 7,620 joggers and
only one death per 396,000 man-hours of jogging. This rate
is seven times the estimated death rate from coronary heart
disease during more sedentary activities in Rhode Island.
Vander et al. (40) conducted a 5 year retrospective survey
of fatal and nonfatal cardiovascular events that occurred in
58 community recreation centers. There was one nonfatal
and one fatal event every 1,124,200 and 887,526 hours of
participation, respectively. Although exercise contributes to
sudden death in susceptible persons, its rare occurrence
demonstrates that the risk of exercise is small and suggests
that routine screening is not justified. This view is confirmed
by a recent excellent review of exercise and sudden death (41).
In addition to death, other dangers or complications of
exercise include orthopedic injuries, bladder trauma, renal
injury, "addiction," diarrhea, heat stroke and exercise-
induced anaphylaxis. The latter condition usually occurs in
persons with a previous episode of shellfish anaphylaxis
(42). Awareness of this tendency is important. Broncho-
spasm and urticaria in a runner should make one consider
treatment with epinephrine and antihistamines which could
be lifesaving.
Application of Exercise Programs to
Cardiac Rehabilitation
To evaluate the health impact of different amounts of run-
ning, Hartung et al. (43) compared 22 middle-aged mara-
thon runners, 22 joggers and 22 inactive men. It appeared
that the joggers received the health benefits of exercise, and
that the marathoners received little more benefit for their
considerably greater exercise levels.
After surgical repair of tetralogy of Fallot and ventric-
ular septal defect, 26 children were exercised for 6 weeks
on alternate days at home (44). Testing with a bicycle er-
gometer showed a 25% mean increase in work capacity.
This is one of a growing number of studies showing the
benefits of exercise in conditions other than ischemic heart
disease.
Coronary heart disease. It appears that physicians are
now more aware of the value of exercise testing and training.
In order to assess this supposition, Wenger et al. (45) sent
questionnaires to 6,000 physicians during 1979. Responses
were compared with those in a similar survey taken during
1970. Almost all physicians in 1979 reported the use of a
coronary care unit with continuous electrocardiographic
monitoring during acute myocardial infarction. The average
hospital stay decreased from 21 to 14days. Patient education
materials were used more frequently. Exercise tests were
more commonly used and usually at 6 weeks after infarction.
Early ambulation and return to work were more common
and most physicians recommended progressive physical ac-
tivity after hospitalization.
To determine whether coronary patients can alter their
lipids with exercise. Hartung et al. (46) measured plasma
high density lipoprotein (HDL) cholesterol in 18 men with
coronary artery disease. They found that HDL cholesterol
was increased without changes in total cholesterol or body
weight. Another study (47) showed a rise in HDL cholesterol
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in postmyocardialinfarctionpatientsin an exerciseprogram.
Nineteen men were randomly allocated to an incremental
exercise program and 23 to a control group; all were fol-
lowed up for 6 months. Although the exercise program
altered plasma lipoproteins beneficially, there was no re-
lation between changes in lipoproteins and treadmill exer-
cise performance.
Spontaneous Improvement After
Myocardial Infarction
Functional improvement. To document spontaneous
improvement in aerobiccapacity, Savin et al. (48) measured
maximaloxygen consumption within the first2 monthsafter
an uncomplicated myocardial infarction. Forty-six men
underwent symptom-limited maximal treadmill tests 3 and
II weeks after a myocardial infarction. There was a sig-
nificant decrease in heart rate, rate-pressure product and
oxygen consumption during submaximal exercise. The mean
maximal heart rate increased from 137 to 150 beats/min.
maximal oxygen consumption increased from 21 to 27 cc
oxygen/kg per min and maximal systolic blood pressure,
rate-pressure product and oxygen pulse all increased also.
Hemodynamic improvement. To evaluate hemody-
namic changes after myocardial infarction, Kelbaek et al.
(49) measuredmaximaloxygenconsumptionand performed
invasive studies at rest and during two submaximal exercise
tests. Thirty men were studied 2, 3 and 8 months after an
uncomplicated myocardial infarction. Fourteenpatientspar-
ticipated in an exercise program during the first 3 months
of the study; the other 16 patients attended the training
program during the second 3 month period. An increase in
maximal oxygen consumption occurred at the 5th month in
both groups (16 and 11 %, respectively) along with an in-
crease in cardiac index at the same relative submaximal
work load. In the second period of the study, only slight
increments in maximaloxygen consumption and no changes
in hemodynamics were recorded within or between the two
groups.
Effect of bed rest. Convertino et al. (50) assessed the
effects of 10 days of continuous bed rest on 12 healthy
middle-aged volunteers. The subjects performedone supine
and one upright maximal bicycle test with measurement of
oxygen consumption and gated blood pool scintigraphy.
They remained horizontal in bed continuously for 10 days
and then the testing was repeated. Maximal oxygen con-
sumption decreased significantly only during upright exer-
cise, from 29 to 22 cc oxygen/kg per min. Maximal heart
rate increased after bed rest during both tests. The inves-
tigators concluded that the decrease in work capacity after
bed rest is largely due to orthostatic factors. They suggested
that ambulation early after myocardial infarction may not
be necessary simply because exposure to gravity prevents
most deconditioning problems.
Prognostic Studies
Clinical variables as risk indicators. A prospective study
using risk indicators and an early exercise test was per-
formed by Lindvall et al. (51) to evaluate early mobilization
and discharge of patients after myocardial infarction. One
hundred eighty-four patients surviving 2 days in a coronary
care unit were separated into one rapidly and one conven-
tionally mobilizedgroup. Patients were not randomized, but
were selected on the basis of early risk indicators . The five
early risk indicators were sinus tachycardia or respiratory
rate above 27/min, large increases in serum enzyme levels,
ventricular arrhythmias or heart block. A few days later, a
submaximal bicycle test of 50 watt work load was used
and 16% of the patients in the rapidly mobilizedgroup were
excluded. The late risk indicators included continued is-
chemia, arrhythmias requiring treatment, a systolic time
interval greater than 0.45, chest X-ray films showing pul-
monary congestion, occurrence. during the 50 watt test, of
a heart rate greater than 125beats/min, ST segmentelevation
or depression, arrhythmias or angina. This selected group
was rapidly mobilizedand dischargedafter a meanof 9 days
in contrast to a mean of 19 days in the group with compli-
cations. No rapidly mobilized patient died in the hospital
and only one patientdied during a 6 monthfollow-upperiod.
In the conventionally mobilizedgroup. 13% of patientsdied
in the hospital and an additional 25% died during the 6
month follow-up period. One-quarter of these patients who
manifested an abnormality during exercise were readmitted
because of cardiac complications during the follow-up pe-
riod. This study shows that clinical variables and exercise
testing can stratify progressive ambulation and therapy in
patients after a myocardial infarction.
Electrocardiographic risk factors. The prognostic im-
plications of the electrocardiographic location of a myo-
cardial infarction and the subsequent retention or disap-
pearance of diagnostic Q waves were examined in 4,524
patients after a myocardial infarction (52). These patients
were followedup for at least 3 years. Qwavesand infarction
wereclassifiedas lateral, inferioror anterior. Although total
mortalitywas not significantly differentamong patientswith
a single infarct site, those with multiple infarct sites had a
significantly higher mortalityrate. Lossof a previously doc-
umented Q wave occurred in 14% of the participants, but
mortality in this group did not differ from that of patients
with persistent Q waves.
Predictive value of ventricular arrhythmia. In 40 pa-
tients with coronary heart disease, Simoonset al. (53) com-
pared the heart rate levels and the incidence and types of
prematureventricularcomplexes during the exercise classes
with those during 24 hour ambulatory monitoring and during
a maximal exercise test. No relation was found between
either the incidence or the type of premature ventricular
complex in individualpatients under these three conditions.
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Thus, selection of patients with a high risk for arrhythmias
during cardiac rehabilitation is not feasible by either exerci se
testing or ambulatory recording. However. the risk for com-
plication s is better predicted by left ventricular dysfunction
and other clinical markers.
Intervention Studies
Evaluation of physical fitness . In order to classify phys-
ical fitness for intervention studie s, Leon et al. (54) studied
the relation of physical characteristics and life habits to
treadmill exercise performance. They recruited 175 appar-
ently healthy men who completed questionnaires and had
physiologic measurements made. Univariate analysis indi-
cated that treadmill performance was significantly and pos-
itively correlated with leisure time activity and reports of
sweating and dyspnea occurring regularly during such phys-
ical activity. Performance was negatively correlated with
age, body mass index, resting heart rate, cigarette smoking
and consumption of beverages conta ining caffeine. An R
value of O. 75 was found between treadmill performance and
these variables and it was increa sed to 0.81 by including
heart rate during submaximal exerci se.
Dressendorfer et aI. (55) studied the effects of 14 weeks
of walking on nine patients with coronary heart disease.
Each patient was tested after training at the individually
determined horizontal treadmill speed that induced ST seg-
ment depres sion in the pretraining test. Although maximal
oxygen uptake did not increa se significantly with training.
submaximal heart rate and rate-pressure product were re-
duced by 10 and 16%, respectively. Naturally, none of the
patients had the same amount of ST segment depression as
in the first test. The patients became more efficient walkers
with a 10% decrease in their oxygen consumption require-
ments. Although the authors proposed that this change was
due to the walking program, it has previously been shown
(15) that serial treadmill testing alone results in improved
efficiency .
Verani et aI. (56) used radionuclide ventriculography and
thallium scintigraphy to evaluate 16 patient s with coronary
heart disease before and after 12 weeks of exercise training .
Thirty patients entered the study, but only 16 completed it.
Nine patients received propranolol throughout the exerc ise
period. Both post-training exercise studies were performed
at the same rate-pressure product obtained in the pretraining
studies . After the exercise program, 15 of the 16 patient s
had improved exercise tolerance. Resting mean left ven-
tricular ejection fraction increased from 52 to 57%, but no
change was noted in exercise ejection fraction or regional
wall motion abnormalities . The thallium imaging studies
were also unchanged by the exercise program.
Cobb et al. (57) reported on the effects of 6 months of
exerci se training on treadmill performance and radionuclide
ventriculography in 15 patients less than 6 months after
myocardial infarction. A train ing effect was demon strated
by a lower heart rate at a submaximal work load and longer
treadmill time despite a wide range of rest values for ven-
tricular function (ejection fractions from 17 to 67%). The
ejection fraction, end-diastolic volume and wall motion ab-
normalities were not significantly different after training.
Evaluation of cardiac rehabilitation. In order to eval-
uate early cardiac rehabilitation , Mayou et al. (58) studied
129 men, 60 years of age or less. admitted with myocard ial
infarction . They were allocated to a normal treatment. ex-
ercise training or couns eling group. Evaluation was per-
formed after 12 weeks using exerci se testing and standard
tests of psychologic state and social adjustment. There were
no differences among the group s in psychologic outcome,
physical activity or satisfaction with leisure or work. The
investigators concluded that exerci se training increased con-
fidence during exercise in the early stages of convalescence ,
but that the exercise program had little value with regard to
cardiac performance, daily function or emotional state .
The National Exercise and Heart Disease Project (59)
included 651 men enrolled in five U.S . centers 2 to 36
month s after a myocardial infarction. The 3 year mortality
rate was 7.3% (24 death s) in the control group versus 4.6%
(15 deaths) in the exerci se group. Death rates from all car-
diovascular causes were 6.1% per 3 years (20 deaths) in the
control group versus 4.3 % (14 death s) in the exerci se group
(difference not significant).
May et al. (60) presented an excellent review of long-
term trials in secondary prevention after myocardial infarc-
tion. Trial s reported before November 1981 were considered
in which both intervention and follow-up were carried out
beyond the time of hospit al discharge . Random assignment
and at least a total sample size of 100 subjects were required .
Total mortality data were used whenever possible to min-
imize bias. Also, all patient s randomized were included in
the mortality estimates to reduce the bias of differential
withdrawal. Only the interventions listed in Table 3 have
been properl y evaluated. The effecti veness of an interven-
tion is calculated by considering the percent reduction in
death s that would have occurred if the intervention had been
applied to the control group . Although few of the interven-
tions resulted in a significant difference , all except the an-
tiarrh ythmic agents show a trend toward efficacy. It appears
that exerci se is as safe and effecti ve as the other available
means of secondary prevention after a myocardial infarction.
Summary
Exercise Testing
The exerc ise test continues to be one of the most valuable
tools in the diagnostic and therapeutic decision-making pro-
cess in medical practice . The treadmill test renders a high
yield of information at a reasonable cost and with a high
degree of safety. Rather than replac ing this test. nuclear
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Table 3. Follow-up Randomized Intervention Trials Following Myocardial Infarction*
No. of Studie s No. of Length of Effectiveness
(no. with significant Patients Follow-Up % Mortal ity % Mortality (% reduction
Intervention differencejt Randomized (range of means ) (control) (intervention) in death s)
Antiarrhythmic agent s 6 (0 ) 1.675 4 010 to 2 yr 10.3 10.8 -4.6
Lipid-lowering agents 9 (I ) 19,834 21 010 to II yr 23 .6 19 .4 17.8
Anticoagulants 5 (0) 2,327 2 to 6 yr 17.7 13.7 22 .6
Platelet -active drugs 7 (0) 13,298 I to 3 yr 10.5 9. 7 7 .6
Beta-receptor blocking agents II (4) 11.325 9 010 to 2 yr 11.5 8.8 23. 5
Exercise 6 (I ) 2.752 I to 4. 5 yr 14.7 11.9 19.0
' References to studies cited in May et al. (60) . t The figures in parentheses indicate the number of studies that demonstrated a significant difference between the control
and intervention groups.
cardiology techniques have helped explain certain exercise
responses and can be used to provide additional information.
Continued research has enhanced the value of exercise test-
ing as exemplified by the recent studies discussed in this
review.
It is important to acknowledge the inaccuracies in mea-
suring or estimating maximal oxygen consumption and the
difficultie s in estimating ventricular function from treadmill
performance . The exerci se electrocard iogram has a lower
specificity in women than in men for unknown reasons.
Exercise-induced hypotension can be reversed by coronary
bypass surgery and is neither sensitive nor specific for crit-
ical coronary disease nor as ominou s as first thought. The
exerci se test can be used to screen patients for left main
coronary artery disease , but although the proposed criteria
are sensitive they also predict other degree s of critical cor-
onary disease .
Exercise Training
What data are there to support the health benefits ofexercise
for primary prevention? First , there are three very good
prospective epidemiologic studies to show that physical in-
activity is a risk factor for coronary heart disease (1). How-
ever , the cardinal risk factors (serum cholesterol, hyperten-
sion and cigarette smoking) have a more powerful impact.
And it must be remembered that modification of any risk
factor does not absolutely prevent disease; it just alters the
probability of its occurrence. Second , the animal study by
Kramsch et al. (31) is very impressive; studies of human
subjects could be as impres sive if people would comply
with good health practices as well as did Kramsch's monkeys.
In regard to cardiac rehabilitation, early ambulation is
an important advance in the care of patients with acute
myocardial infarction. Randomized studies have shown that
early ambulation does not increase complic ations in patients
with uncomplicated myocardial infarction . The Seattle study
(61) has shown that early rehabilitation can be accomplished
as effect ively by an enlightened medical community as by
an elaborate team. Perhaps much early postinfarction dis-
ability can be avoided by simply getting patients to sit up
as early and as much as possible, as suggested by the Stan-
ford group (50). The spontaneous course of improving func-
tion during the early postinfarction period has only been
recently appreciated.
Randomized trials in patients after a myocardial infarc-
tion have not demonstrated a significant reduction in mor-
bidity or mortalit y for part icipants in exercise-based reha-
bilitation programs compared with nonparticipants. Beneficial
trends have been noted , but not statistically sound differ-
ences. The Finnish study (62) is important in that the re-
habilitation group had a significantly lower cardiac mortality
rate than the control group . More patients in the rehabili-
tation group were treated with beta-adrenergic blocking drugs,
their blood pressures were better controlled and they were
more closely followed up. Actually, exercise testing re-
vealed no difference in functional capacity between the con-
trol and the rehabilitation groups. Thus, it demonstrated that
multifactorial cardiac rehabil itation can be effective in re-
ducing morbidity and mortality .
Of note is the recent study (63) demonstrating an im-
provement in exercise capacity after a 72 hour infusion of
dobutamine hydrochloride in patients with congestive heart
failure . Unfortunately, the possibility of an exercise effect
"without sweat" certainly would appeal to the public .
Advising a patient with known coronary heart disease to
exercise at a high level of intensity is a questionable prac-
tice . The atherosclerotic disease will progress despite the
exercise , and the high intensity work exposes these patients
to a greater risk of an acute event. A paradox exists now
that Ehsani et al. (64) have presented the best results to date
regardin g cardiac changes in a group of patients with cor-
onary heart disease with silent ischemia trained at high in-
tensity. wherea s Hossack and Hartwig (65) reported a large
incidence of cardiovascular complications in similar patients
with silent ischemia .
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